When a pantograph passes underneath a contact wire, the upward force causes a bending strain in the contact wire. If major strain is exerted on a frequent basis, there is a possibility that the contact wire will suffer a fatigue fracture. 500 × 10 -6 is considered to be the maximum allowable strain on a hard drawn copper contact wire to avoid fatigue fractures [1] . This value is based on the fatigue limit of the hard drawn copper under no tensile load, compensated by the decrease in the fatigue limit due to the mean tensile stress exerted by the tensile load at the wear limit. There are cases where it is not possible to prevent the bending strain from exceeding this maximum limit (i.e. 500 × 10 -6 ) due to increased train speed, or when passing through particular overhead line equipment such as section insulators. Such cases make fatigue life span management of contact wires necessary. However, such management requires accurate fatigue life span estimations.
Ordinarily, fatigue tests to ascertain fatigue life span properties of contact wire material are conducted using Hz frequency sine wave oscillations. However, actual strain waveforms measured on the contact wire are more like Fig. 1: i.e. a steep peak corresponding with passage of the pantograph preceded and followed by smaller amplitude waves. According to other case studies and some test results such a steep peak in the strain waveform does not actually seem to shorten fatigue life. On the other hand, in order to estimate the effect of the accompanying waves on fatigue life, a waveform counting method is necessary. Among existing waveform counting methods, the rain flow method is recognised as being best suited to stress-strain hysteresis loops and can be used in computer processing [2] . The authors carried out experiments to test its applicability to hard drawn copper contact wire. The rain flow method was therefore selected as the waveform counting method as mentioned above. Waveform counting means decomposing actual waveforms into wave elements and their corresponding amplitudes. Then, the fatigue damage caused by actual waveforms is estimated by applying a modified Miner's law (see Chapter 3), i.e. in terms of cumulative fatigue damage caused by each wave element. The rain flow method is illustrated in Fig. 2 . Time is shown on the vertical axis and the waveforms are represented as a series of roofs on a pagoda. Each wave element corresponds to a flow of water which originates from the every roof point. The water runs down each roof dropping off the eaves like rain. The flow stops when it meets another flow originating from the roof point above; these wave elements are considered to be a half life cycles with a peak-to-peak amplitude corresponding to the start-to-end of the flow. For example, flow 5 in Fig Miner's law, forming the basis for the modified Miner's law, is an empirical law describing fatigue life span under loads at various amplitudes. According to this law, the degree of fatigue damage D i suffered at stress amplitude σ i a number of times N i is given by (1) .
Where N fi is the fatigue life span under a constant stress amplitude σ i . Fatigue life span is then given as the period when the sum of fatigue damage degrees for each amplitude ΣD i reaches 1.
Miner's law assumes that stress beneath the fatigue limit causes no fatigue damage to materials with a very distinct fatigue limit such as steel. The modified Miner's law, therefore, takes into account possible fatigue damage caused by stress beneath the fatigue limit by extrapolating the inclinational part of the curve on the graph showing fatigue life span properties (i.e. S-N curve) towards the area indicating longer life span. Naturally, the modified Miner's law is used for nonferrous metals which do not have a distinct fatigue limit. Figure 3 and Fig. 4 illustrate the fatigue test apparatus set up. The contact wire specimen is placed on the test bench, tensed and then oscillated vertically at the centre to provoke repeated bending. A linear servo motor, generally used with numerically controlled machine tools, is applied to an oscillation actuator in this case. In this way oscillations can be set to the desired waveform in addition to sine and triangular waves by numerically inputting actuator displacements to the 10 -3 of a second. The authors carried out fatigue tests on hard drawn copper contact wire with a nominal cross section of 110mm 2 (under JIS E 2101, the actual cross section is Fig. 2 Illustration of the rain flow method Fig. 2 Illustration of the rain flow method Fig. 2 Illustration of the rain flow method Fig. 2 Illustration of the rain flow method Fig. 2 Illustration of the rain flow method = 154MPa, sine wave, 5Hz = 154MPa, sine wave, 5Hz = 154MPa, sine wave, 5Hz = 154MPa, sine wave, 5Hz 
Where N is fatigue life span and ε a is strain amplitude.
The strain waveforms tested are those shown in Fig. 6 . All of them are composed with the following amplitude sine waves: 500, 1000 and 1500 × 10 -6 . Estimated fatigue life span according to the modified Miner's law is 1.99 × 10 6 for waveform 1, 3.82 × 10 5 for waveform 2 and 4, and 4.36 × 10 5 for waveform 3.
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The results of the tests are shown in Table 1 . The estimated fatigue life span was consistent with test results in the case of waveforms 1 to 4. Strictly speaking, tests involving other wave forms should be carried out as part of a more in depth investigation, however these results provide enough evidence to assume that the modified Miner's law can generally be applied to hard drawn copper contact wire. An attempt was then made to match the fatigue life span properties at different σ m through the fatigue process {(maximum stress) × (stress amplitude)} 1/2 [4] . The applicability of this proposal to hard drawn copper contact wire had actually already been investigated by the authors on the basis of fatigue life span data available for σ m 88.2MPa and 154MPa [3] . However, this conclusion needed to be revised, since the data for 88.2MPa σ m , produced by Japanese National Railway (J. N. R.) was so old that some details of the experiment were missing. As such the authors conducted new fatigue tests at 88.2MPa σ m in order to retry the applicability of the above mentioned hypothesis before beginning investigations using the rain flow method.
Experiment methodology Experiment methodology Experiment methodology Experiment methodology Experiment methodology
The fatigue test bench for this case was similar to + σ a ) σ a } 1/2 = 225MPa, ε a = 1583 × 10 -6 where σ m = 88.2MPa, with a maximum stress of σ m + σ a = 273MPa; and ε a = 1375 × 10 -6 for σ m = 154MPa for a maximum stress of σ m + σ a = 315MPa. When {(σ m + σ a ) σ a } 1/2 exceeds 225MPa, based on the stress-strain properties of hard drawn copper it appears that the effect of plastic deformation is no longer negligible [3] . However, given that 500 × 10 -6 is given as the maximum allowable strain for a hard drawn copper contact wire it is almost certain that taking {(σ m + σ a ) σ a } 1/2 up to 225MPa will be sufficient to cover actual contact wire strain in overhead contact lines [1] .
The approximate equation to describe the relationship between {(σ m + σ a ) σ a } 1/2 and fatigue life span N is expressed as (3) using a log-log function and reducing the residual sum of the square log of N to a minimum. The fatigue test bench for this experiment was identical to that described in Chapter 3. The authors conducted six fatigue tests with a combination of different strain waveforms and σ m . The waveforms and σ m selected for the six fatigue tests are summarised in Fig. 9 . Tests 1 and 4 were not designed to imitate actual contact wire waveforms however they were adapted to suit a waveform counting method − in this case the rain flow method − since this is a prerequisite for estimating fatigue life span . Tests 2 and 5 were designed to imitate waveform at the supporting point and tests 3 and 6 to imitate waveform at the hanger point in the middle of the span. Due to actuator response limitations, the high frequency component found in actual waveforms could not be reproduced. Hard drawn copper contact wire with a nominal cross section of 110mm 2 was used again in this test. No machining process to reproduce wear was applied to the contact wire specimen. σ m was adjusted by varying the tension.
The rain flow method for counting waveforms and the estimated fatigue life span results for tests 1, 2 and 3 are shown in Table 3 . The counting process in tests 4, 5 and 6 are the same as tests 1, 2 and 3 respectively. In Table 3 {(σ m + σ a ) σ a } 1/2 is expressed as σ e . The counting process for each wave element is given in the column headed "Counting process" in Table 3 with numbers corresponding to each of the peaks in Fig. 9 . As shown in Fig. 2 , brackets ( ) indicate a flow stopped by the flow ( ) falling from above and the square brackets [ ] indicates continuation in counting onto the next waveform. Plastic deformation was also discarded for the purposes of Table 3 .
The maximum and minimum stresses were calculated as "maximum strain (or minimum strain) × Young's modulus (117GPa) + σ m ". σ a was calculated as (maximum stress -minimum stress) × 0.5. The column headed "Fatigue life span under each σ e " was calculated using equation 
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The results from the fatigue tests are shown in Table 4 . The fatigue life span demonstrated in tests generally exceeded estimations. The rain flow method may therefore conceivably used as a method for calculating fatigue life span within safe limits. Tests 4 and 6 produced results which were slightly shorter than the estimated fatigue life, though the difference between estimated and actual fatigue life span was smaller than in other tests. The corresponding strain when applying a Young's modulus for hard drawn copper of 117GPa for fatigue tests performed with 154MPa and 88.2MPa σ m , are 1316 × 10 -6 and 754 × 10 -6 respectively. These values are shown as the broken red lines in Fig. 9 . The curves indicating strain Strain waveforms and Fig. 9 Strain waveforms and Fig. 9 Strain waveforms and Fig. 9 Strain waveforms and Fig. 9 Strain waveforms and σ σ σ σ σ m in tests to confirm in tests to confirm in tests to confirm in tests to confirm in tests to confirm applicability of the rain flow method (1 cycle) applicability of the rain flow method (1 cycle) applicability of the rain flow method (1 cycle) applicability of the rain flow method (1 cycle) applicability of the rain flow method (1 cycle) T T T T Table able able  able able 3  3 3  3 waveform extending below the broken lines in tests 4 and 6 shows that compressive stress occurred during the fatigue process. Figure 10 is a schematic drawing showing origin and propagation of a fatigue crack [5] . It appears that fatigue cracks originate from an irreversible shear slip on the surface generated by alternating stress during the first stage of the fatigue process, which then propagates perpendicular to the stress during a second stage. It is therefore fairly probable that a difference in the stress range during the fatigue process, such as the presence of compressive stress, will have an impact on the period during which a crack may appear and on the actual fatigue life. Having said this, compressive stress may actually have occurred in tests No. 2 and 5 but at the bottom of the contact wire specimen, not at the top of the specimen, which was the area used to produce the waveforms shown in Fig. 9 and so test results gave a fatigue life span which considerably exceeded estimations. This means that even if a crack originated at the bottom of the specimen, propagation speed in the second stage was probably slow because this side was not exposed to stresses greatly exceeding σ m . In fact, the authors observed that in the case of fatigue fractures during tests 2 and 5, the fatigue cracks had actually propagated from the top of the specimen. A fatigue crack originating from the bottom of the contact wire (i.e. sliding surface), should not be a cause for great concern since it will not necessarily propagate given that the original crack will probably be T T T T Table able Fig. 10 Diagram to show the origin and propagation Fig. 10 Diagram to show the origin and propagation Fig. 10 Diagram to show the origin and propagation Fig. 10 Diagram to show the origin and propagation Fig. 10 Diagram to show the origin and propagation process of a fatigue crack [5] process of a fatigue crack [5] process of a fatigue crack [5] process of a fatigue crack [5] process of a fatigue crack [5] removed by ordinary wear in overhead contact line equipment.
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The authors performed experiments to test the applicability of the rain flow method to hard drawn copper contact wire. The authors investigated the applicability of the modified Miner's law with fatigue tests as premise to apply of the rain flow method. The maximum difference between the test results and estimated fatigue life span was approximately 5%, confirming applicability.
Next, the authors investigated applicability for arranging fatigue life span properties under different σ m using {(σ m + σ a ) σ a } 1/2 and conducted an additional fatigue test at 88.2MPa σ m in order to incorporate the impact of σ m into application of the rain flow method. Applicability was found to be valid for the range {(σ m + σ a ) σ a } 1/2 less than or equal to 225MPa.
